Sperm aging is known to be detrimental to reproductive performance. However, this apparently general phenomenon has seldom been studied in an evolutionary context. The negative impact of sperm aging on parental fitness should constitute a strong selective pressure for adaptations to avoid its effects. We studied the impact of sperm aging on black-legged kittiwakes (Rissa tridactyla), a monogamous seabird. Kittiwakes comprise a model system because (i) of evidence that females eject their mates' sperm to prevent fertilization by sperm that would be old and degraded by the time of fertilization and result in reduced reproductive performance and (ii) the lack of extra-pair fertilization in this species makes cryptic female choice an unlikely explanation of postcopulatory sperm ejection by females. We experimentally manipulated the age of the sperm fertilizing kittiwake eggs by fitting males with anti-insemination rings for variable periods of time preceding egg-laying. We found evidence that sperm aging negatively affected four sequential stages of reproduction: fertilization potential, rate of embryonic development, embryonic mortality, and chick condition at hatching. These results may be produced by a continuum of a single process of sperm aging that differentially affects various aspects of development, depending on the degree of damage incurred to the spermatozoa. The marked impact of sperm age on female fitness may thus drive postcopulatory sperm ejection by females. These results provide experimental evidence of deleterious effects of sperm aging on a nondomestic vertebrate, underlining its taxonomic generality and its potential to select for a wide array of adaptations. egg development ͉ fertility ͉ reproduction ͉ sperm competition ͉ sperm senescence
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Numerous studies have shown negative consequences of the functional decline of aging sperm on different aspects of reproduction, such as sperm motility, fertilization potential, or embryonic survival (3) . For utilitarian reasons, the link between sperm aging and reproductive failure has mostly been studied in domestic livestock (4) and medicine (5) . Early experimental studies in poultry show that embryo mortality increases with sperm age (6) , with older sperm causing earlier developmental arrest (7) . Additionally, Dharmarajan (8) showed that sperm aging is associated with slower embryonic development. Sperm aging has also been linked to reduced reproductive output in such taxa as marine invertebrates, Drosophila spp., and amphibians (3, 9) . However, with the exception of several insect studies (10) (11) (12) , this link has only rarely been addressed from an evolutionary perspective.
Our aim was to test the effects of sperm aging on reproduction by using an experimental approach in a wild bird species, the black-legged kittiwake (Rissa tridactyla). Whereas most previous studies on sperm aging focused on one or two aspects of reproduction, our experiment was designed to examine its effects at four levels of reproduction: fertilization potential, rate of embryonic development, embryonic survival rate, and chick condition at hatching. Kittiwakes comprise a model system for two reasons. First, there is evidence that females eject their mates' sperm to prevent fertilization by sperm that would be old and degraded by the time of fertilization and result in reduced reproductive performance (13) . Second, unlike in other species where postcopulatory sperm ejection by females is a form of cryptic mate choice (14, 15) , in kittiwakes this explanation is unlikely because (i) females have never been observed soliciting extra-pair copulations, (ii) Ͻ1% of all copulations were extra-pair and all were initiated by males (16) , and (iii) a DNA study revealed that extra-pair fertilizations are nonexistent or very rare in this socially monogamous species (16) .
We manipulated sperm age by fitting males with antiinsemination rings (ARs) that prevented sperm transfer by preventing cloacal contact between mates during copulation attempts, a method successfully applied to songbirds (17) . By varying the number of days these rings were worn before fertilization, we were able to obtain eggs fertilized by sperm of varying minimum ages and monitor the development of the embryo. To control for any potential effects caused by the rings themselves, the experimental males were compared with a second group of males fitted with control rings (CRs) that did not prevent them from inseminating their mates. This method allowed us to examine the impact of sperm aging on reproductive performance and whether this impact may comprise a selective pressure shaping adaptations that counter negative effects. More specifically, our experiment tested the hypothesis that female kittiwakes eject sperm to avoid the detrimental effects of fertilization by old sperm (13) .
The ability to study kittiwakes in the field has provided the opportunity to evaluate how representative the study of sperm aging in domestic fowl may be of wild and phylogenetically distant species. Domestic chickens (Gallus gallus) and blacklegged kittiwakes constitute contrasting model systems. Whereas chickens have been artificially selected for thousands of generations to produce eggs daily, kittiwakes produce only two eggs per year. Because of this and other differences, it is important to assess the degree to which results obtained from artificially selected domestic fowl are representative of nondomestic species.
Results
Efficacy of ARs. Anti-insemination ring (AR) pairs laid a significantly higher proportion of eggs in which no sperm or holes were found in the perivitelline layer (PVL) than control ring (CR) pairs [(mean Ϯ SE) AR: 24.19% Ϯ 5.46, n ϭ 62; CR: 5.0% Ϯ 3.48, n ϭ 40; generalized linear mixed model (GLMM), F 1,102 ϭ 4.0, P ϭ 0.05]. Furthermore, the AR wear duration had a highly significant negative effect on the probability of our finding sperm in the PVL (logistic regression: X 1,37 2 ϭ 19.70, P Ͻ 0.0001), whereas no such effect was found for the CR eggs (logistic regression: X 1,25 2 ϭ 0.16, P ϭ 0.69) ( Fig. 1 ). CR eggs showed the same level of hatching success as unmanipulated eggs [(mean Ϯ SE) CR: 87%Ϯ 5.56, n ϭ 38; unmanipulated: 83%Ϯ 5.0, n ϭ 58; GLMM, F 1,96 ϭ 0.28, P ϭ 0.60). Thus, the ARs were apparently effective in preventing insemination, whereas CRs allowed sperm transfer.
Effect of Treatment on Egg Mass.
There was no significant difference in egg mass [(means Ϯ SE) AR: 49.86 Ϯ 0.51 g; CR 49.06 Ϯ 0.82 g; GLMM, corrected for egg rank, F 1,85 ϭ 1.40, P ϭ 0.24) according to the experimental treatment, indicating that the treatment did not cause females to alter their reproductive investment in terms of egg size. Additionally, because egg mass reflects female quality in kittiwakes (18) and other seabirds (19, 20) , this finding suggests that the treated pairs were randomly selected with regard to individual quality.
Effect of Treatment on Hatching Rate. Because females may not have been inseminated before the fitting of the ARs or may have actively ejected or passively lost stored sperm (21) during the experiment, hatching failure in some eggs may have been caused by a lack of sperm. To ensure that sperm age, and not sperm presence, was the only factor manipulated, we excluded all eggs in which no sperm were detected (15 AR and 2 CR eggs), yielding a sample size of 41 AR eggs and 36 CR eggs.
We found that hatching probability decreased significantly with duration of AR wear (logistic regression, X 1,26 2 ϭ 15.22, P Ͻ 0.0001) ( Fig. 2B) , whereas no such effect was found for CR eggs (logistic regression, X 1,24 2 ϭ 0.07, P ϭ 0.79) ( Fig. 2 A) , suggesting that sperm age has a strong deleterious effect on hatching.
The eggs that failed to hatch belonged to two categories: eggs where an embryo developed but died before hatching (Category I) and eggs where sperm were found in the PVL but where the blastodisc showed no sign of fertilization (Category II). When we excluded the eggs of Category II from the analysis, thus con- Fig. 1 . Mean probability of an egg not receiving sperm (indicated by the absence of spermatozoa or holes in the PVL) according to the duration of wear of the ring (number of days from the fitting of the device until two days before laying, when we assume fertilization occurs) for AR eggs (open circles) and CR eggs (filled circles). Numbers represent the number of eggs for each category of duration of wear. When there are two numbers, they represent the sample size for ARs and CRs, respectively. The interaction between treatment and duration of wear was highly significant (GLMM, F 1,102 ϭ 60.36, P Ͻ 0.0001, n ϭ 102 eggs, with nest included as a random variable).
Fig. 2.
Mean hatching probability according to duration of wear (number of days from the fitting of the ring until fertilization) of CR (A) and AR (B). In B, duration of wear is equal to minimum sperm age. Numbers represent the number of eggs for each category of duration of wear. The interaction between treatment and duration of wear was significant (GLMM, F 1,25 ϭ 12.02, P ϭ 0.002, n ϭ 77 eggs, with nest included as a random variable). When we removed the data point of 13-14 days in B, the interaction remained significant (F 1,24 ϭ 11.63, P ϭ 0.0024). sidering only embryonic survival, we found that hatching probability decreased significantly with the duration of AR wear (logistic regression, X 1,19 2 ϭ 5.16, P ϭ 0.02), whereas no effect was found for CR eggs (logistic regression, X 1,19 2 ϭ 0.33, P ϭ 0.56), suggesting that sperm aging has a deleterious effect on embryonic survival. An important consideration is whether the eggs of Category II received sperm in sufficient numbers to be fertilized, a possibility we next examined by studying sperm numbers and their dynamics.
Effect of Treatment on Numbers of Sperm and Holes.
In four of the AR eggs that failed to hatch, we found no visible signs of fertilization. However, we counted 118, 476, 878, and 1,752 spermatozoa in the PVL of these eggs. One explanation for hatching failure may be that these eggs had not received sufficient sperm at the time of fertilization. It is not known how many sperm are required to fertilize eggs of nearly all wild species, including kittiwakes. Furthermore, these eggs were opened after 11 days of incubation (see Materials and Methods), producing an inevitable decrease in the detectability of sperm. To study the effects of our treatment and incubation time on the number of sperm and holes counted, we built a reference by examining eggs from nonmanipulated and manipulated pairs after different incubation durations. Thus, we were able to estimate the number of sperm that were initially present in the PVL of the experimental eggs before the onset of incubation. We found that 12 of the 13 AR eggs contained numbers of sperm within the range of unmanipulated fertile eggs, 93% of which hatched [supporting information (SI) Fig. S1 ], providing evidence that even though the treatment reduced the number of sperm reaching AR eggs, these eggs typically received sufficient sperm to be fertilized.
Effect of Treatment on Rate of Embryonic Development.
We used egg candling to examine the rate of early development of the embryo. There was no difference in the rate of embryonic development between nonmanipulated eggs and CR eggs (GLMM, F 1,126 ϭ 0.08, P ϭ 0.77, using nest as a random variable). This finding indicates that the device itself (ring and harness) had no negative effect on development. Thus, we combined both control groups (CO) and compared them with the AR group. The rate of embryo development was significantly higher in the CO group than in the AR group during the first 5 days of development (GLMM, F 1,149 ϭ 9.82, P ϭ 0.002, using nest as a random variable) ( Fig. 3 ). From the age of 6 days onward, most eggs were in a sufficiently advanced state of development that any possible differences in development became indistinguishable (Fig. S2) , and, as expected there were no significant differences among the treatments (GLMM, F 1,113 ϭ 2.32, P ϭ 0.13).
Effect of Treatment on Chick Condition at Hatching.
We found no effect of the experimental treatment on hatchling condition in both years combined (GLMM, F 1,59 ϭ 0.54, P ϭ 0.46, using mass as the dependent variable, tarsus length as the independent covariable, and nest as a random variable). However, because there appeared to be a year effect on chick condition (F 1,59 ϭ 4.35, P ϭ 0.052), we examined each year separately. Additionally, because ''B chicks,'' hatching from the second egg, tended to be in poorer condition than ''A chicks'' (F 1,11 ϭ 3.67, P ϭ 0.08), we also separately compared the effect of the experimental treatment on A and B chicks. Examining a small sample in 2005, we found no significant difference in body condition between AR and CR chicks regardless of egg rank [generalized linear model (GLM), F 1,21 ϭ 0.5, P ϭ 0.49, n ϭ 15]. In 2004, we found a difference in hatchling condition between AR and CR treatments which was significant in B (GLM, F 1,16 ϭ 5.36, P ϭ 0.03) but not in A chicks (GLM, F 1,16 ϭ 1.44, P ϭ 0.25) ( Fig. 4 ). Although we found no significant effect of the duration of AR wear on chick condition (GLM, F 1,39 ϭ 0.87, P ϭ 0.37), the mean sperm age for AR B chicks was 4.5 Ϯ 0.7 days (n ϭ 12, range: 1-10 days), whereas in the CR group, it was likely that eggs were fertilized by young sperm (Ͻ1 day old).
Sperm Age According to the Fate of the Eggs. Within the AR group we investigated the mean minimum sperm age in three different categories: unfertilized eggs in which sperm were found (Category I), eggs in which the embryos developed but did not survive to hatching (Category II), and eggs that hatched (Category III). We found a significant difference in mean sperm age between these categories (GLMM, F 2,13 ϭ 9.18, P ϭ 0.003, using nest as a random variable), with the highest sperm age in Category I (10.3 Ϯ 0.66 days), the lowest in Category III (4.3 Ϯ 0.51 days), and an intermediate value in Category II (7.0 Ϯ 2.65 days).
Discussion
Our objective was to examine the reproductive consequences of sperm aging in a wild vertebrate species. We manipulated sperm age by using ARs (17) , which were effective in preventing insemination during the period they were worn by males. The longer the duration of AR wear, the less likely we were to detect sperm in the PVL of the eggs, suggesting that females were not able to replenish their sperm stores after the AR was fitted on their mates. No such effect was found in the CR group, indicating that CRs enabled normal insemination during the time they were worn by males. This condition implies that for the AR group, eggs were fertilized by sperm inseminated before the fitting of the ring. Consequently, duration of AR wear may be considered as equivalent to minimum sperm age. Our experimental design allowed us to identify deleterious effects of sperm aging on four stages of reproduction: fertilization potential, rate of embryo development, embryo mortality, and chick condition at hatching. Fertilization Potential. Some eggs of AR pairs with long durations of ring wear showed no sign of fertilization. Nevertheless, spermatozoa and points of hydrolysis caused by spermatozoa were found in the PVL of some of these eggs, indicating that they were exposed to sperm as they passed through the female tract. It is possible that the lack of fertilization was because of insufficient sperm numbers. However, two lines of evidence suggest that this possibility is unlikely. First, sperm counts according to duration of incubation indicate that the 11 days during which these eggs were incubated caused as much as a fourfold underestimation of the number of sperm initially present in the PVL and by extension, at the time of fertilization (see SI Text). Second, when correcting for the decrease in detection of spermatozoa with incubation, we found that 12 of 13 AR eggs that showed no visible sign of fertilization contained sperm in numbers within the range of unmanipulated fertilized eggs (Fig. S1 ). As a result, it seems that past a certain age, the damage incurred by the sperm is deleterious to the extent that they lose their ability to fertilize. This effect has been suggested by a number of studies (see ref. 3 for review), including in poultry (6, 7) . Those studies did not, however, account for sperm numbers and thus were unable to separate effects of reduced sperm numbers and sperm aging. The decrease in fertilization potential shown here may be explained by decreased sperm motility (9) , inability of the spermatozoa to mount an acrosome reaction (22) , or dysfunction of the very process of fertilization at the prometaphase stage (23) . It is also possible that fertilization successfully occurred but that the damage was such that embryonic development ceased at a very early stage. In mice, it was shown that DNA-damaged sperm can fertilize oocytes at the same rate as intact-DNA sperm but that the damage may reduce blastocyst formation to Ͻ 5% (24).
Rate of Embryo Development. The second developmental step associated with a harmful effect of sperm aging was slowed embryonic development in its earliest stages. Detrimental effects of sperm aging on embryonic development and survival have been reported in several different vertebrate and invertebrate taxa (3), including domestic chickens, in which it was noted that eggs fertilized by older sperm produced embryos with retarded development and numerous lesions in the central nervous system, as well as in the vascular system (8) .
Embryo Mortality. Our findings in kittiwakes are consistent with early experimental studies of domestic chickens, where it was shown that embryo mortality increases with sperm age (6), with older sperm causing earlier developmental arrest (7) . The processes explaining deleterious effects on both embryo development and survival are not well known, although mechanisms such as chromosomal structure rearrangements (25) or lack of sperm chromatin decondensation (26) have been suggested.
Chick Condition at Hatching. Lastly, this experimental study provides evidence that in kittiwakes, old sperm may also lead to reduced offspring condition. It is possible that the sperm damage that causes slower embryonic development and embryo mortality may also cause chicks to be in poorer condition if it occurs to a lesser degree and the embryo survives. Two elements from the results give us some insight on the way in which sperm aging may act on chick condition. First, we found a difference in body condition between chicks that were sired by AR-and CRwearing males in 2004 but not with a small sample size in 2005.
It appears that 2004 was a year of low food availability in our population, in that fledging success was less than half that of 2005 (unpublished data). Second, within the 2004 sample, the reduction in chick condition in the experimental treatment was significant only for B chicks, which hatch from smaller eggs and therefore receive fewer nutrients. These two findings suggest that sperm aging may interact with the nutrient content in the egg. It may be that the higher nutrient level in all A and B eggs of 2005 compensated for the deleterious effects of sperm age. Conversely, these effects were exacerbated when nutrient levels were particularly low, as was the case for the 2004 B eggs. Our result in 2004 supports correlative evidence of an impact of sperm age on offspring condition obtained in the same species (13) and may, to our knowledge, comprise the first experimental evidence of an effect of sperm aging on offspring condition. Degree of Impact According to Sperm Age. Our experimental manipulation of sperm age has provided evidence of a wide range of deleterious effects varying in stage and severity. When we compared the mean sperm age of eggs according to their fate, we found a gradation whereby eggs that showed no sign of development were fertilized by older sperm than those that hatched, whereas sperm of eggs producing failed embryos were at an intermediate age. This finding seems to indicate that the older the sperm, the earlier the stage at which reproduction is affected and thus the more severe the impact on normal development. Thus, it is plausible that the different effects observed constitute the continuum of a single phenomenon, whereby the same process of aging creates deleterious effects on different aspects of reproduction, depending on the degree of damage incurred to the spermatozoa.
Generality of the Deleterious Effects of Sperm Aging.
Despite marked life history differences between kittiwakes and poultry, the deleterious effects shown in this study are remarkably concordant with those found in poultry (6) (7) (8) and in other taxa, ranging from invertebrates to mammals. Old sperm have been found to cause slower embryonic development in the sea urchin Arbacia punculata and abnormal development in a marine worm Nereis limbata. Aging sperm is also associated with early developmental arrest and embryonic mortality in both aforementioned species, as well as in Drosophila melanogaster and in the frog Xenopus laevis (3, 9) . These deleterious effects found at various stages of ontogeny closely match those we have found in this study in a single species, although taxonomically distant to those cited above. The detrimental impact of sperm aging on reproduction thus appears to be a general phenomenon among sexually reproducing animals.
Evolution of Counteradaptations.
Given the apparent ubiquity of sperm aging, a number of strategies countering these deleterious effects are likely to have evolved (27) . Accordingly, physiological adaptations have been identified in males (28) and females (29) that help reduce the functional deterioration rate of spermatozoa. Moreover, behavioral mating strategies limiting the use of old sperm would confer a substantial reproductive advantage and are therefore likely to be favored by selection. In this respect, our experimental results support the interpretation from a correlative study (13) that sperm ejection by female kittiwakes was aimed at avoiding fertilization by old sperm (30) . They also allow us to exclude alternative explanations of female sperm ejection, such as that, by discarding early inseminations, females minimize the number of parasites or pathogens transmitted via copulation (31) . Using similar logic, the semen itself may be harmful to females (32, 33) . Either pathogens or certain compounds in semen might therefore reduce reproductive success, producing a selective advantage to females that eject extraneous inseminations. Both of these hypotheses predict that a reduced number of inseminations should increase reproductive success; however our experiment produced the opposite results. Therefore, the avoidance of old sperm appears to be a likely cause of sperm ejection by female kittiwakes.
Given the occurrence of sperm ejection, the question is raised why old sperm reached the eggs when females might have ejected them. This may have occurred in the eggs that received no sperm. However, many eggs did receive sperm, because the maximum sperm ejection rate was 40% (13) . Another question raised is why pairs copulate long before laying if associated costs are so high. This issue has been addressed by Helfenstein et al. (34) , who noted that even the rare occurrence of extra-pair copulations may induce sperm competition and produce trade-offs between paternity assurance and the effects of old sperm.
Consequences of Sperm Aging on Reproductive Strategies. More generally, our results have ramifications for the study of sperm competition and sexual selection. For example, choice of young sperm may be a more parsimonious explanation of female choice of successful males in lekking species, that is, by choosing males that copulate frequently, females may increase the probability of being inseminated by freshly produced sperm (27) . Fertilization by young sperm may thus suggest an explanation of female mate copying. Further, it may provide an additional explanation of why the copulation rate in most bird species peaks soon before fertilization (35) , as occurs in kittiwakes (16) . By increasing their copulation rate soon before fertilization, pairs may increase the proportion of young to old sperm. Finally, sperm aging may comprise the elusive mechanism that causes the last of several males that copulate with one female to obtain most fertilizations (36) . In other words, last-male sperm precedence might be explained by ''young sperm precedence.''
Conclusions
Our study experimentally examined the effects of sperm aging at multiple developmental stages in a nondomestic vertebrate. The specific mechanisms causing the detrimental effects at each step remain largely unknown and require further study. However, it appears that the multiple effects observed in this study may form a continuum in which sperm senescence affects different stages of reproduction, depending on the degree of cellular damage incurred by the sperm. The marked similarity in effects of sperm aging on reproduction observed in a large number of taxa of contrasting life-history traits and reproductive biology highlights the generality of this process, which has not yet received the attention it merits in an evolutionary context. Sperm aging has important consequences on fitness and may constitute a selective pressure driving the evolution of a wide array of physiological and behavioral strategies to reduce its impact. Experimental Procedures. We captured males after they and their mates had initiated nest building and fitted them with ARs designed to prevent cloacal contact, and thus insemination, during copulation. These devices consisted of a rubber ring 2.5 cm in diameter and 1.5 cm in height, glued to the feathers and skin around the cloaca and reinforced with a harness (see Fig. S3 ). We adapted this method from Michl et al. (17, see also 37) . The harness, which comprised elastic straps (Elastoplast), was fitted around the tail and the back of the bird, causing the ring to remain fixed in place for the duration of the experiment. From inside the tower, we observed the male at least twice a day (from a maximum distance of 20 cm) ( Fig. S3b) to verify that the AR remained fixed. To control for any potential effects caused by the ARs, a second group of males was fitted with CRs which were identical to the ARs, except that the ring was much thinner (4 mm) and did not prevent males from inseminating their mates. Once their clutch was complete, most males were recaptured and the devices were removed. All males that we were not able to recapture eventually lost their rings and harnesses by the end of the reproductive season through desquamation of skin and feather molting.
Materials and Methods
The rings were inconspicuous, as they were covered by the surrounding feathers and they allowed males to defecate normally (Fig. S3 ). We detected no sign of stress or unusual behavior. CR males displayed normal mating behavior with copulations comprising several cloacal contacts. AR males were regularly seen mounting their mates and attempting cloacal contacts, but unlike CR males, they were never observed succeeding.
The banding of all males allowed us to ensure that no individual males were used in both years of the manipulation. Because kittiwakes are breeding-site faithful (38) and we used different nest sites in the two years, we assume that the 31% (39 of 126) of females that were unbanded in the first year were also used only once, as was the case for all banded females.
Rings were fitted randomly over a period of 16 days preceding egg-laying. As a result, in the AR group, eggs that were fertilized were done so by sperm that were inseminated before the fitting of the AR. The duration of AR wear (time between the fitting of the AR and fertilization) was therefore equal to the minimum age of the sperm available to fertilize the egg. We were thus able to study the rates of embryonic development and embryonic mortality and the hatching success of eggs fertilized by spermatozoa that ranged in age from 0 -14 days. Because the exact duration between the fertilization and the laying of the egg is unknown in most wild species, including kittiwakes, we assumed that it occurred between 1 and 2 days before the egg was laid (29) . Thus, males that wore a ring for Ͻ2 days before egg laying were excluded from the analyses. The experimental procedure was approved by the U.S. Fish and Wildlife Service.
Counting Spermatozoa and Holes in the PVL. We estimated sperm numbers to evaluate the effect of reduced sperm numbers versus sperm aging on fertilization. To determine whether eggs with no visible sign of development (20 AR eggs and 4 CR eggs) were exposed to sperm at the site of fertilization, we counted the number of spermatozoa trapped in the PVL of the egg yolk by using a standard technique (39) (see SI Text for further details). Because incubation time is known to affect sperm counts (40) , we carried out a side study (see SI Text for details) to estimate sperm numbers correcting for the duration of incubation.
Embryonic Development. On the day of laying, all eggs were numbered with a nontoxic indelible marker and were measured and weighed to the nearest gram. To control for any potential effects in incubation behavior caused by the rings, eggs were removed from the manipulated pairs and either incubated by unmanipulated pairs (in 2004) or placed in artificial incubators (in 2005). The hatching rate of artificially incubated CO eggs did not differ from that of naturally incubated CO eggs [(mean Ϯ SE) artificial: 92.5% Ϯ 3.2, n ϭ 66; natural: 93.7 Ϯ 2.5, n ϭ 95; corrected for egg rank, GLM, F 1,161 ϭ 0.20, P ϭ 0.66].
Embryonic development was monitored by candling eggs one to three times at various stages between their laying date and the age of 11 days. Eggs from the same clutch were candled at the same time to minimize disturbance of incubation behavior. By monitoring over 100 eggs, we found that normal development is characterized by an initial darkening and spreading of the chorioallantoic membrane (2-3 days after the beginning of incubation) until the egg becomes nearly opaque (Ϸ8 -11 days). Embryonic development was measured by using scores ranging from 0 (freshly laid egg, no development) to 3 (egg totally opaque) (Fig. S2) . In a pilot season in 2003, we encountered a small number of eggs that showed no sign of development until 10 days after laying. This exceptionally long period was likely because of a combination of factors such as a delay in the onset of incubation as well as an unusually thick or dark shell that made it difficult to detect early development. To include every potentially fertilized egg, all eggs were conservatively incubated for at least 11 days. Those that did not exhibit ''yolk spreading'' 11 days after being laid were opened and placed in a Petri dish and were frozen at Ϫ20°C for subsequent sperm count analyses. Eggs that showed yolk spreading within 11 days were left to develop normally. After that stage, if the egg emitted an odor, if no embryo movement was detected, or if the egg did not hatch within 32 days (all successfully hatched chicks did so within 30 days), the egg was opened and the embryo was photographed and weighed to determine the stage of developmental arrest. Artificially incubated eggs were placed with foster parents as soon as external pipping occurred. All chicks were weighed, measured (tarsus length), and blood sampled within 12 h of hatching.
Data Analyses. We included in the analyses only the pairs where ARs and CRs remained in place from the time they were fixed until 2 days before egg-laying and where eggs were properly incubated by the foster parents and undamaged, yielding a total of 102 eggs from 62 clutches. Because most clutches comprised two eggs, the differences in fertilization, hatching and development rate could possibly be explained by parents investing more in either the first or second egg. Furthermore, including eggs from the same nest may lead to biases in the analyses because of pseudoreplication. To avoid these effects, we (i) compared experimental and CO eggs and (ii) carried out analyses by using GLMMs (41) (the GLIMMIX Macro and SAS (1999) were used in the case of discrete variables), adding the nest as a random effect. In analyses where this was not possible because of small sample sizes, we analyzed data by using only the first laid egg of each clutch. For all analyses, we verified the normality of the distribution of data and the homogeneity of variance across groups. Data were analyzed by using SAS (SAS Institute).
SI.
A graph of the log number of spermatozoa nuclei counted on the PVL of eggs according to the duration of incubation is available in Fig. S4 . Table S1 lists the numbers of sperm nuclei counted in AR eggs incubated for a range of durations.
